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Abstract
The distribution, spatial pattern and population dynamics of a species can be influ-
enced by differences in the environment across its range. Spatial variation in climatic
conditions can cause local populations to undergo disruptive selection and ultimately
result in local adaptation. However, local adaptation can be constrained by gene flow
and may favour resident individuals over migrants—both are factors critical to the
assessment of invasion potential. The Natal fruit fly (Ceratitis rosa) is a major agricul-
tural pest in Africa with a history of island invasions, although its range is largely
restricted to south east Africa. Across Africa, C. rosa is genetically structured into two
clusters (R1 and R2), with these clusters occurring sympatrically in the north of South
Africa. The spatial distribution of these genotypic clusters remains unexamined
despite their importance for understanding the pest’s invasion potential. Here, C. rosa,
sampled from 22 South African locations, were genotyped at 11 polymorphic
microsatellite loci and assessed morphologically using geometric morphometric wing
shape analyses to investigate patterns of population structure and determine connect-
edness of pest-occupied sites. Our results show little to no intraspecific (population)
differentiation, high population connectivity, high effective population sizes and only
one morphological type (R2) within South Africa. The absence of the R1 morphotype
at sites where it was previously found may be a consequence of differences in thermal
niches of the two morphotypes. Overall, our results suggest high invasion potential of
this species, that area-wide pest management should be undertaken on a country-wide
scale, and that border control is critical to preventing further invasions.
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Introduction
Environmental variation across the geographic range of
a species influences population dynamics (Forester et al.
2016) and climatic conditions can result in disruptive
selection driving local population adaptation (Richter-
Boix et al. 2010). Although it is generally accepted that
gene flow constrains adaptation (Lenormand 2002), sev-
eral studies have shown that local adaptation can occur
despite relatively high gene flow (e.g. Von Wettberg
et al. 2008; Richter-Boix et al. 2010; Berthouly-Salazar
et al. 2013). Several aspects of demography influence
the likelihood of local adaptation and population- or
individual-level genetic variance. Dispersal rates of
individuals between populations influence gene flow
Correspondence: John S. Terblanche, Fax: +27 21 808 2546;
E-mail: jst@sun.ac.za
© 2016 John Wiley & Sons Ltd
Molecular Ecology (2016) 25, 3019–3032 doi: 10.1111/mec.13646
directly, however, other factors critical to population
differentiation include how successful and fecund
migrants are in the novel habitat when mating with res-
ident individuals (Kawecki & Ebert 2004). Local adapta-
tion may therefore provide a selective advantage to
residents over migrants. The relative roles of biotic and
abiotic factors in contributing to population differentia-
tion and rates of local adaptation are highly con-
tentious, with implications for a wide range of
ecological and evolutionary processes, including micro-
and macroevolution (e.g. speciation) (see e.g. Berthouly-
Salazar et al. 2012). Biological invasions provide a
unique opportunity to test key theories surrounding
factors potentially limiting (or contributing to) popula-
tion structure or morphological adaptations, and assess
rates of local population differentiation. Arguably, the
most prevalent and widespread hypothesis is isolation-
by-distance (IBD), although recent meta-analysis
suggests isolation-by-environment may be equally
important when it is considered (Sexton et al. 2014). For
biological invasions, a deeper understanding of how
demographics contribute to (or limit) population estab-
lishment and spread is critical. Indeed, both environ-
mental and demographic factors are emphasized in
recent theoretical models of population establishment of
invasive animals (Berthouly-Salazar et al. 2012; Duncan
et al. 2014). Despite the importance of propagule pres-
sure in the initial establishment of a species in a novel
environment (Lockwood et al. 2009), genetic processes
are nevertheless critical to the abundance and spread of
populations after establishment (Sz}ucs et al. 2014).
Many fruit flies of the Tephritidae (Diptera) are suc-
cessful invaders worldwide (White & Elson-Harris 1994;
Hill et al. 2016). Two of the most economically significant
species in Africa are the Mediterranean fruit fly [Ceratitis
capitata (Weidemann)] and the Natal fruit fly (Ceratitis
rosa Karsch) (White & Elson-Harris 1994). Unlike C. capi-
tata that has become invasive in many locations outside
of its native range, C. rosa is largely restricted to eastern
and southern Africa, but has successfully spread to the
Indian Ocean islands of La Reunion and Mauritius and
even outcompete C. capitata in some instances (White
et al. 2001; Duyck et al. 2006; De Meyer et al. 2008). Since
the life-history characteristics, polyphagy and thermal
niche of the two species are similar (Duyck & Quilici
2002; De Meyer et al. 2008), this raises major concerns for
the international fruit industry that C. rosa may possess
high invasion and competitive potential. These concerns
are further underscored by C. rosa’s wide host range
(>100 hosts), similar to that of C. capitata (White & Elson-
Harris 1994; De Meyer et al. 2002; Copeland et al. 2006).
Ceratitis rosa may therefore pose a high risk of establish-
ment outside of its native range (De Meyer et al. 2008; De
Villiers et al. 2013a).
Molecular information provides indirect estimates of
dispersal (gene flow) between populations. The advan-
tage of such an approach is that estimates are averaged
over several generations, overcoming some of the
drawbacks of using more direct measurements (e.g.
mark-and-recapture methods) (Bohonak 1999). Compar-
isons between direct measures of migration and indirect
measures often provide different estimates, with gene
flow estimates based on DNA data typically being
higher (Bohonak 1999; but see Bouyer et al. 2009). This
discrepancy is clear in C. capitata where direct measures
of life-time migration distances are, on average,
between 0.5 and 9.5 km (Meats & Smallridge 2007) and
reported estimates based on indirect measures are in
the order of hundreds of kilometres (e.g. Karsten et al.
2013). Estimates of dispersal are not available for
C. rosa, but based on the generally leptokurtic dispersal
pattern of tephritids and the overall morphological sim-
ilarity between Ceratitis species, the distances for C. rosa
are probably in the same range as that of C. capitata.
Geometric morphometric measurements have been
shown to be effective in discriminating significant eco-
types or groups at intra and interspecific levels (Gilchr-
ist & Crisafulli 2006; Bouyer et al. 2007; Marsteller et al.
2009; Schutze et al. 2012a,b). Geometric morphometrics
quantifies shape variation between homologous struc-
tures (e.g. key landmarks on wings) and then compares
this shape data between groups or individuals (Rohlf &
Marcus 1993; Rohlf 1999). Furthermore, morphological
data may be amongst the first characters to show differ-
ences between populations (Bouyer et al. 2007) where
population genetic structure estimates may be unable to
resolve early differentiation among populations.
Microsatellite markers are routinely used to docu-
ment genetic structure in tephritids (e.g. Bonizzoni et al.
2001, 2004; Baliraine et al. 2004; Nardi et al. 2005; Ake-
tarawong et al. 2007, 2014; Gilchrist & Meats 2009; Vir-
gilio et al. 2010; Karsten et al. 2015). Notwithstanding
the successful implementation of molecular markers
and despite the potential importance of C. rosa as a
major agricultural pest including growing concerns for
further spread and establishment within and outside of
Africa, the population genetic differentiation of C. rosa
has been surprisingly poorly studied. Early work
reported some genetic differentiation between Africa
and island populations of Mauritius and La Reunion
(Baliraine et al. 2004). Studies reported for C. rosa to
date have focused mainly on molecular diagnostics
(Douglas & Haymer 2001; Barr et al. 2006), taxonomic
status and phylogenetic relationships with other Tephri-
tidae (Barr & McPheron 2006; Virgilio et al. 2008).
Ceratitis rosa forms part of a complex of three closely-
related species called the Ceratitis ‘FAR’ complex (Dip-
tera: Tephritidae) which also includes Ceratitis
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fasciventris (Bezzi) and Ceratitis anonae Graham (Virgilio
et al. 2008). Based on sixteen microsatellites (FAR 1-
FAR16; Delatte et al. 2013), five genotypic clusters were
characterized in these three species with intercluster
divergences being equal to, or higher than, divergences
between recognized species (Virgilio et al. 2013). Within
C. rosa, two genotypic clusters were identified as R1
and R2 with largely overlapping geographic ranges
(Virgilio et al. 2013); little to no genetic differentiation
exists within these two genetic clusters. The genetic dif-
ferences between the clusters are partly supported by
morphological differences in the shape and feathering
of the mid tibia of the males (De Meyer et al. 2015) such
that they may be considered separate morphotypes, but
with no definite distinguishing characters identified for
the females as yet (Virgilio et al. 2013). Separation
between the two morphotypes is further supported by
differences in their cuticular hydrocarbon profiles
(Vanıckova et al. 2015). A recent study comparing their
thermal development requirements suggested that the
R1 morphotype was better adapted to warmer tempera-
tures than the R2 morphotype (Tanga et al. 2015). These
results are underscored by the geographic distribution
of the two morphotypes in Tanzania along an altitudi-
nal transect (Mwatawala et al. 2015). Although both
morphotypes are found throughout the region, the R1
morphotype is more abundant at lower altitudes com-
pared to the R2 morphotype, the latter of which is more
abundant at higher altitudes.
Understanding of the distribution of the two morpho-
types within South Africa, as well as their regional scale
population structure is critical as this information pro-
vides essential knowledge for Integrated Pest Manage-
ment (IPM) strategies and management of biological
invasions within and between countries. In South
Africa, a unique situation exists as the two morpho-
types (R1 and R2) occur sympatrically in the northern
regions of the country (see fig. 3 in Virgilio et al. 2013).
Moreover, morphological inspection of the legs of
C. rosa males from South Africa indicated additional
locations at which both morphotypes (albeit R1 at low
abundance) occur sympatrically in the north of South
Africa, especially the Mpumalanga and Limpopo Pro-
vinces (Tzaneen, Rustenburg, Komatiepoort, Nelspruit,
Marblehall) (M. de Meyer, personal communication).
However, given the small number of locations included
for South African C. rosa in the Virgilio et al. (2013)
study, the extent of overlap, as well as the precise geo-
graphic distribution of each cluster, remains largely
unknown. To address these important knowledge gaps,
in this study, we generated both molecular and mor-
phological data for the same individuals, resulting in
two parallel but independent data sets. Surprisingly,
few studies have adopted this approach despite the
clear potential value thereof (but see Bouyer et al. 2007;
Francoy et al. 2009; Bomfim et al. 2011; Krosch et al.
2013; Francuski et al. 2014; Schutze et al. 2015a,b).
The broad aims of our study are therefore to: (i)
determine the distribution of the C. rosa R1 and R2
genotypic clusters across South Africa with possible
regions of overlap, (ii) determine the phylogeographic
patterns for these two genotypic clusters including pos-
sible evolutionary breaks, and finally, (iii) determine the
levels of connectivity (gene flow) between populations
or sampling localities. We hypothesized that the major-
ity of localities across South Africa will have only one
genotypic cluster, but based on the earlier work by Vir-
gilio et al. (2013), that there may be areas of overlap for
the two clusters in the northern regions of the country.
Here, we make use of both morphological and molecu-
lar markers to identify the pattern of population struc-
turing of the two morphotypes within South Africa and
to investigate the connectedness of pest-occupied sites,
with the ultimate aim of informing area-wide pest man-
agement recommendations and a better understanding
of the species’ invasion potential across Africa.
Materials and methods
Sampling sites and fly collection
Ceratitis rosa individuals were collected from 22 sites
throughout South Africa (Fig. 1; Table 1) using Bucket
traps (Chempac, Paarl, South Africa) baited with the
three-component attractant, Biolure (Chempac, Paarl,
South Africa). Flies from different traps were handled
separately and were sexed and identified with a stan-
dard tephritid key using a stereomicroscope. After
identification, both wings (left and right) were removed
for morphological analyses and DNA was extracted
from the bodies using a DNeasy tissue kit (QIAGEN
Inc.). Following DNA extractions, exoskeletons were
washed and stored in absolute ethanol for morphotype
identification.
Microsatellite genotyping and analysis
All individuals collected (N = 458) were genotyped for
12 microsatellite markers (FAR1–4, 6, 8, 9, 11, 12, 14–16;
Delatte et al. 2013), although only 11 markers were
included in analyses for reasons outlined below. A PCR
reaction consisting of 2 lL of DNA (~30 ng), 2 lL of
primer mix (2 mM), 6 lL of 29 QIAGEN Multiplex
Master Mix and 1 lL water (Multiplex PCR kit; QIA-
GEN Inc.) were set up for each individual. PCR condi-
tions followed Delatte et al. (2013). For each plate, a
positive control was included to check for amplification
consistency when reading plates. Samples were
© 2016 John Wiley & Sons Ltd
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genotyped on an ABI 3130 Automated Sequencer
(Applied Biosystems, Foster City, CA, USA) and the
alleles scored using GENEMAPPER v3.7 software (Applied
Biosystems).
Tests for linkage disequilibrium (LD) and departures
from Hardy–Weinberg equilibrium (HWE) were con-
ducted in GENEPOP v4.0.10 and statistical significance
determined through 1000 permutations (Raymond &
Rousset 1995; Rousset 2008). Levels of significance were
adjusted using False Discovery Rates (Q-VALUE; Storey
2002). LD was observed for one of the markers (FAR9
with FAR3 and FAR15) and FAR9 was therefore
excluded from subsequent analyses. To test for the pres-
ence of null alleles (An), their frequencies in each of the
populations for each of the loci were estimated in
FREENA v1.0 (Chapuis & Estoup 2007) using the
algorithm from Dempster et al. (1977). For each locus
and for each site, we calculated expected heterozygosity
(HE, the expected allele frequencies under HWE),
observed heterozygosity (HO, the actual heterozygosity
in a population measured), the number of alleles (NA)
and the inbreeding coefficient (FIS, the proportion of
variance from a population that is contained in an indi-
vidual) (GENETIX v4.05.2; Belkhir et al. 1996–2004; GENALEX
v6.5; Peakall & Smouse 2006, 2012).
We explored the demographic history of populations
sampled using the MIGRAINE software (http://kimura.
univ-montp2.fr/~rousset/Migraine.htm) implementing
the ‘single population with variable population sizes’
model (Leblois et al. 2014). Due to a lack of structuring
in the data (see Results), all populations were pooled






















0 250 500 Kilometers125
Fig. 1 The 22 sampling sites for Ceratitis rosa in South Africa. The five square locations correspond to overlapping sampling localities
with Virgilio et al. (2013). Population locality names are given in full in Table 1.
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points and four iterations, which produced point esti-
mates and 95% confidence intervals for actual and
ancestral h (scaled population sizes) and D (scaled
duration). We calculated effective population size (Ne)
using the LD method (Waples & Do 2008) as a single-
sample estimator in NEESTIMATOR v2 (Do et al. 2014). We
screened out alleles occurring at low frequencies
(Pcrit = 0.05) and implemented the jackknife method
(Waples & Do 2008) to determine confidence intervals
for all calculations. The hypothesis of IBD was assessed
by the linear correlation of geographic distance (ln dis-
tance in km) with genetic distance [FST/(1FST)] (GENE-
POP v4.0.10; Raymond & Rousset 1995; Rousset 2008).
Population differentiation was assessed using the
Bayesian clustering method implemented in the pro-
gram STRUCTURE v2.3.4 (Pritchard et al. 2000; Falush et al.
2003) as well as estimates of pairwise FST values in MI-
CROSATELLITE ANALYSER v4.05 (MSA; Dieringer &
Schl€otterer 2003). Multilocus genotypes were assigned
in STRUCTURE without including prior spatial population
information. We ran STRUCTURE for 3 000 000 MCMC
permutations (where statistical parameters reached sta-
bility) with 1 500 000 runs discarded as burn-in from
each run for five independent runs for each K value,
varying respectively between 1 and 22 (the maximum
number of sampled sites). We implemented the admix-
ture model with correlated allele frequencies, as we
expect common ancestry, and we allowed the Dirichlet
distribution of allelic frequencies (k) to be inferred sepa-
rately for each site. Choosing the optimal number for K
is up to the user based on the data. Inspecting the log-
probabilities of several values of K is thought to be a
good estimator of the true value of K (Pritchard et al.
2000). This method can, however, be problematic when
there is more than one high value of Ln P(X/K) and we
therefore also inspected the delta K value calculated
according to Evanno et al. (2005) implemented in the
online resource STRUCTURE HARVESTER (Earl & Von Holdt
2012). This method also has some drawbacks, more
specifically the inability to assess K = 1 as the optimal
number of clusters. Runs were averaged in CLUMPP
v1.1.2 (Jakobsson & Rosenberg 2007) and visualized in
DISTRUCT v1.1 (Rosenberg 2004). The hierarchical struc-
turing of populations were investigated using an AMOVA
based on RST estimates in ARLEQUIN v3.5.1.2 (Excoffier &
Lischer 2010) using 10 000 permutations.
Wing morphometrics
Wings (left and right) were permanently mounted on
microscope slides using Entellan, a rapid embedding
agent. We chose fourteen homologous type I landmarks
(Bookstein 1991) (Appendix S1, Supporting informa-
tion). Twelve of the chosen landmarks were based on
Schutze et al. (2012a,b); the remaining two were chosen
to improve coverage of the wing. Each wing was
imaged using a Leica MZ 16A microscope camera. The
14 landmarks were superimposed on the images of the
wings and digitized in TPSDIG version 2.17 (Rohlf 2005).
To assess possible measurement errors in the data, we
investigated digitizing error (positioning of the land-
marks) and imaging error (owing to taking the picture).
For this purpose, we constructed an additional data set
comprising a subset of the individuals from the com-
plete data (henceforth known as the error data set). For
each individual, the wings were photographed twice
(imaging error) and landmarks were placed on both sets
of images of wings independently (digitizing error).
After acquisition of the x, y coordinates for each set
of landmarks, the data were imported into MORPHOJ ver-
sion 1.05c for shape analysis (Klingenberg 2011). In MOR-
PHOJ, we performed a full Procrustes fit to extract shape
information and ran a Generalized Procrustes ANOVA
(GPA) on both the error data set and the complete data
set. To assess asymmetry in our data set, we included
‘side’ and ‘individuals’ as a main effect in the GPA. A
covariance matrix for the complete data was used for
calculating a Principle Components Analysis (PCA)
based on an averaged data set (left and right wing), fol-
lowed by a Canonical Variate Analysis (CVA). Finally,
to test for IBD, we regressed the Mahalanobis distance




Analyses of the 11 polymorphic microsatellite markers
in C. rosa for 22 geographic localities showed that all of
the populations deviated from HWE. Marginal but sig-
nificant levels of inbreeding (FIS = 0.122–0.323) (Table 1)
was evident within sites, indicative of nonrandom mat-
ing (similar to results reported by Virgilio et al. 2013).
The number of alleles (NA) for the different loci varied,
on average, between 3.81 and 7.73 (Table 1). The aver-
age null allele frequency per locus ranged between
0.010 (SD = 0.017) at FAR14 and 0.272 (SD = 0.073) at
FAR1 (Table 1; Appendix S2, Supporting information).
All loci were included in all analyses given that FST
estimates and genetic distances are largely unbiased
when population structure is absent (see below) (Cha-
puis & Estoup 2007). Genetic diversity, as measured by
mean expected heterozygosity (HE), ranged between
0.577 (Nkwalini) and 0.698 (Port Elizabeth) (Table 1).
Results from MIGRAINE for the pooled populations indi-
cated a significant population expansion, with ancestral
h = 2.986 (1.587–4.014), actual h = 38.81 (8.805–144.100)
© 2016 John Wiley & Sons Ltd
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and D = 0.000896 (0.000114–0.029400) (Fig. 2A,B). Effec-
tive population size estimates (Ne) ranged from 45.1 to
infinity with large confidence intervals (Table 1).
Tests for IBD patterns in this data set showed no cor-
relation between genetic distance and geographic dis-
tance (r = 0.088, P = 0.184; Appendix S3, Supporting
information). Results from the Bayesian clustering of
individuals showed a peak in the ΔK at K = 2 (Fig. 3A).
Taking into account that the approach from Evanno
et al. (2005) cannot account for K = 1, we also examined
the posterior probabilities (Ln P(X/K)) which was high-
est for K = 1. This result was confirmed by STRUCTURE
analyses including only those localities within our data
set included in both the present and Virgilio et al.
(2013) study (Fig. 3B).
Results from AMOVA indicated that variation was over-
whelmingly partitioned within localities, with 87.3% of
variation accounted for by the within-population
component (FST = 0.127; P < 0.0001; Appendix S4,
Supporting information). Only 6.9% of pairwise FST com-
parisons between sites were significant (Appendix S5,
Supporting information). Most of the significant differ-
ences were associated with the Kirkwood site, which also
accounted for the significant FST results.
Morphometrics: wing shape
Results from the Procrustes ANOVA (Appendix S4, Sup-
porting information) based on the error data set showed
that there was no significant measurement error (both
digitizing and imaging error) (F = 1.03, P = 0.302,
d.f. = 864). Two hundred and sixty-five individuals
were included in the full data set (Table 1) and a PCA
for all individuals showed clear distinction between
males and females (Fig. 4A, F = 85.88, P < 0.0001). In
subsequent analyses, we therefore separated the two
sexes. For both males (F = 4.15, P < 0.0001) and females
(F = 5.96, P < 0.0001), there was a significant side effect,
indicative of a consistent directional asymmetry. Direc-
tional asymmetry is found as a result of consistent dif-
ferences between the two sides (left and right) of
objects and individuals and is therefore not a property
of the individual but of the population. The CVA plots
for both males and females based on the first two
canonical variates showed no clear discrimination
among 21 locations (in two locations we only obtained
single-sex samples; in Potchefstroom, there were no
male individuals and in King Williams Town no
females) (Fig. 4B,C). No pattern of IBD was detected
when Mahalanobis distance was plotted against geo-
graphic distance for both males (r = 0.014, P = 0.834) or
females (r = 0.016, P = 0.805) (Appendix S6, Supporting
information).
Discussion
The population genetics of several insect pest species
have been widely studied using molecular tools as well
as Bayesian approaches. In contrast, surprisingly few
studies have combined genetic data with phenotypic
data (e.g. geometric morphometrics) to gain insight into
potential evolutionary divergence at the population
level. Here, we use this powerful approach to character-
ize genetic diversity and genetic structure alongside
population discrimination based on geometric morpho-
metrics. These results largely matched our hypothesis
of a single genotypic cluster (R2) over the majority of
the country. Unexpectedly, despite high sampling effort,
we were unable to identify any individuals of the sec-
ond morphotype (R1) at locations where it has previ-
ously been reported (see Virgilio et al. 2013 and
Introduction). Furthermore, we found high levels of
genetic diversity, high effective population sizes and
unexpected low levels of intraspecific population differ-























D on a log scale
θ act. on a log scale
(A)
(B)
Fig. 2 Results from MIGRAINE showing profile likelihood sur-
faces for ancestral (anc. h) and actual (act. h) effective popula-
tion sizes as well as timing of the demographic history
events (D).
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complementary morphometric approach, geometric
morphometric analyses also failed to show interspecific
differentiation between sampling locations suggesting
that the lack of population differentiation is a conclu-
sion that is likely robust and not confounded by the
choice of molecular approach (e.g. gene flow may be
hard to estimate accurately for large effective popula-
tion sizes; Chapuis et al. 2011). These major findings are
discussed in detail below.
Overall genetic diversity estimates for Ceratitis rosa in
South Africa were high, but comparable to those of
other studies for South Africa (Baliraine et al. 2004; Vir-
gilio et al. 2013) and other African populations, for
example, Kenya (Baliraine et al. 2004; Virgilio et al.
2013) and Mozambique (Virgilio et al. 2013). These esti-
mates were similar to those of the Indian Ocean island,
La Reunion, to which C. rosa spread within the last
60 years (De Meyer et al. 2008), based on the Baliraine
et al. (2004) study, but higher than values reported by
Virgilio et al. (2013). These elevated levels of genetic
diversity, even on island populations, indicate that
although C. rosa has not colonized many locations out-
side of its native range, when they have successfully
established, populations have reached high effective
population sizes. This may be at least partly due to
their polyphagous nature, having a wide range of hosts
available year-round, and in the tropics, continuously
favourable weather conditions for development to buf-
fer populations against potential bottleneck events. Con-
gruently, results show evidence of population
expansion for the pooled populations. This reservoir of
high genetic diversity provides C. rosa with elevated
levels of evolutionary potential which perhaps goes
hand-in-hand with higher levels of phenotypic plastic-
ity, both of which can be considered an adaptive evolu-
tionary advantage in the colonization of novel habitats
(Lavergne & Molofsky 2007; Novak 2007; but see dis-
cussion in Nyamukondiwa et al. 2010 in the context of
thermal tolerance plasticity in Ceratitis).
Molecular and morphological results clearly indicate
a single genotypic cluster and morphotype (R2) present
in all sampled locations in South Africa. Virgilio et al.
(2013) included six South African locations and showed
that there was clear genetic structuring between the two
C. rosa morphotypes (R1 and R2) found sympatrically
at two of these locations [Nelspruit (Mpumalanga) and
Marblehall (Limpopo) (based on their GPS coordi-
nates)]. Further, they showed that the country seemed
to lack pure populations of the R1 morphotype. Based
on morphological inspection of the legs of C. rosa males,
it is clear that both morphotypes (albeit R1 at low abun-
dance) occur sympatrically in locations in the north of
South Africa, especially in the Mpumalanga and Lim-



























(A) (B) Fig. 3 STRUCTURE results for (A) 458 Cerati-
tis rosa individuals from 22 South African
populations for K = 2 (B) a subset of
locations from this study for 129 C. rosa
individuals from five sampling locations
matching those of Virgilio et al. (2013).
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Nelspruit, Marblehall) (M. de Meyer, personal commu-
nication). These characters on male mid tibia are not
influenced by the DNA extraction process and the two
morphotypes are easily distinguishable. We therefore
expected to find only the one morphotype (R2) over
large parts of South Africa, yet flies sampled from the
northern locations were also unexpectedly from only a
single morphotype. Why only individuals of one mor-
photype were detected at locations where two morpho-
types were found previously is unclear. Possible
explanations for this phenomenon may be that the type
of host plant in which development takes place may
have been absent in the developmental period prior to
our sampling as well the season in which individuals
were sampled, perhaps suggesting that morphotypes
are a consequence of seasonal climatic variability (i.e.
developmentally plastic for these phenotypes). For
C. rosa, the month and year of sampling appear to be
factors that might be influencing the abundance of mor-
photypes, but especially the abundance of the R1 mor-
photype (M. de Meyer, personal communication).
Moreover, recent studies have shown that the two mor-
photypes are likely adapted to different temperature
regimes and therefore occur at different abundances
across an altitudinal gradient (Mwatawala et al. 2015;
Tanga et al. 2015). Although we sampled extensively
throughout South Africa, failure to trap the R1 morpho-
type might be a consequence of environmental factors
(e.g. temperature) and trapping efficiency if the R1 mor-
photype is present at lower abundances compared to
the R2 morphotype at our sampling locations.
The lack of genetic differentiation between locations
within the same morphotype (R2) suggests high levels
of dispersal across large distances throughout South
Africa which, in turn, may affect the successful imple-
mentation of area-wide pest management strategies and
could be important in establishment in novel environ-
ments. Our data support the view that a management
plan is required at a much larger spatial scale than is
typically employed (farm or valley), and are further
supported by the possibility that there may be human-
assisted dispersal in C. rosa, similar to what was pro-
posed for Ceratitis capitata in South Africa previously
(Karsten et al. 2013). The need for improved area-wide
pest management of fruit flies in South Africa, espe-
cially new invasive fruit flies, has also been highlighted
in previous studies assessing current management
methods (Manrakhan & Addison 2014) and detailing
the importance of alternate host plants for the spread of
fruit flies (De Villiers et al. 2013b). This further suggests
that border control may be a critical aspect of fruit fly
management and in the prevention of future invasions
into currently pest-free regions.
Although we initially set out to ascertain whether
wing shape in C. rosa can be used to resolve the distri-
bution of the two morphotypes (R1 and R2) in South
Africa, geometric morphometrics can also be used to
investigate population or ecotype structure. For exam-
ple, Bouyer et al. (2007) showed significant shape differ-
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Fig. 4 (A) Principal components analysis (PCA) of wing shape
data for Ceratitis rosa individuals. Data points coloured accord-
ing to sex. Ellipses represent 95% equal frequencies. Canonical
Variate analysis (CVA) of wing shape data for C. rosa individu-
als by location (ID as in Table 1) for (B) females and (C) males.
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gambiensis sampled from Burkina Faso. In G. palpalis the
differences between the sampling localities based on
wing shape were more prominent than the differences
found from microsatellites. Based on our genetic results
as well as morphological inspection of C. rosa individu-
als, South Africa appears to largely have only one mor-
photype (R2), with no intraspecific differentiation
between sampling localities. Results from the geometric
morphometric analyses further supported these find-
ings, although sample sizes for the wing shape analyses
were limited in some locations. We also found that
C. rosa is sexually dimorphic based on wing shape,
which is not unexpected. Sexual dimorphism has
mainly been investigated as differences in body size
(Fairbairn et al. 2007). However, in nine species in the
Drosophila melanogaster subgroup sexual dimorphism
based on wing shape was investigated and all nine spe-
cies exhibited sexual dimorphism (Gidaszewski et al.
2009). Sexual dimorphism in tephritids may be linked
to courtship behaviour as males use wing movements
(among other stimuli) to attract the attention of females
(Wicker-Thomas 2007) or sex-related differences in dis-
persal or flight ability (Sivinski & Dodson 1992; Ester-
huizen et al. 2014). After separation of males and
females, however, there was still no differentiation
between sampling localities based on wing shape.
There is a rapidly increasing body of literature
(Appendix S7, Supporting information) for species in
the Tephritidae showing that these flies are not only
widespread but disperse far more than previously
thought. The movement of pest fruit flies occurs not
only by natural dispersal but is likely also aided by
human assistance, for example, through trade or private
movement of agricultural produce. This therefore repre-
sents a significant management concern, especially in
the light of biological invasions, although we are unable
to distinguish the relative importance of each of these
processes in our data.
Conclusions and future directions
Here, we provide novel evidence that South African
populations of C. rosa are currently largely representa-
tive of only one morphotype (R2) without any significant
population differentiation based on both microsatellite
data and geometric morphometric data. These results
suggest there are high levels of gene flow throughout
South Africa. Although these flies can move considerable
distances by natural dispersal (several kilometres per
generation), aided by the broad distribution of multiple
suitable host plants, the possibility that many of these
events have been human-mediated is also likely. These
high levels of dispersal play an important role in the suc-
cessful implementation of an IPM program as well as
prevention of new invasions, suggesting that population
control measures should be implemented over much lar-
ger areas than is currently the case. The two morpho-
types (R1 and R2) have also been shown to differ in their
thermal performance and thermal developmental
requirements. The lack of the R1 morphotype may there-
fore be due to differences in abundance at different tem-
perature regimes. Future work could investigate the
possibility of these traits being sex-linked (Nylin et al.
1994; Ellers & Boggs 2002; Qvarnstr€om & Bailey 2008) or
under frequency-dependent selection (Mallet & Joron
1999; Borer et al. 2010).
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